Introduction
Scientific progress on artificial photosynthesis (AP) research-defined as using technology, notably synthetic biology and nanotechnology to capture light, transport electrons, split water and store hydrogen [1] -has the potential to radically transform for the better how societies convert and use energy. One recent study proclaims that 'no new technology has the long-term potential to so radically transform the planet towards sustainability as artificial photosynthesis engineered (alone or together with other technologies) in more efficient form as an 'off-grid' zero-carbon energy solution into all our structures (i.e. buildings, roads, vehicles)' [2] . Another suggests that 'global artificial photosynthesis could replace policy models of corporate globalization and ever-increasing economic growth predicated on preparation for war and use of non-renewable and polluting energy sources' [3] . Still another remarks that if widely adopted, AP could enable humanity to transition from the 'anthropocene', our current geologic era, to a new, more sustainable and just one termed the 'sustainocene' [4] .
These statements, while they underscore the promise of the technology, do not tell us how to get from now to then. Currently, the world receives far less than 1% of its commercial energy mix from sunlight, and transitioning away from fossil fuels requires that humanity counter the large sums of labour, capital and effort historically 'sunk' into conventional energy systems which enable them to have their own 'path dependency' or 'inertia' [5] . Breaking out of these embedded systems requires a 'long-term transformation' that is & 2015 The Author(s) Published by the Royal Society. All rights reserved.
'a messy, conflictual and highly disjointed process' [6] . Collectively, these technological and behavioural forces 'lock' us into a carbon-dependent energy system that highly resists changes [7] .
To be sure, because AP systems have not yet been commercially deployed, there is little empirical evidence of the factors driving their diffusion or the barriers impeding adoption. Therefore, in this paper, we draw from two similar sources of energy in scale and scope-conventional solar photovoltaic (PV) panels and wind turbines [8] -to create a conceptual framework that we believe applies to many types of decentralized, renewable, clean sources of energy, including AP as well as low-carbon small modular reactors [9] , hydrogen fuel cells [10] [11] [12] and electric vehicles [13] . The tendency for similar types of drivers and barriers to affect hydrogen fuel cells and solar PV systems is especially pertinent, given that AP systems would ostensibly rely on very similar processes.
Thus, this paper asks: based on historical experience with energy transitions and traditional forms of renewable electricity, what would need to happen, not in the technical dimension but the social dimension, to ensure that AP becomes accepted? Put another way, what technical, social, economic and political conditions promote the acceptance of new forms of clean electricity supply? To provide some answers, this article explores the factors influencing the acceptance of commercial-scale renewable electricity, drawn from historical examples in Asia, Europe and North America. More specifically, the article argues that acceptance hinges upon the prevalence of nine factors: (i) strong institutional capacity; (ii) political commitment; (iii) favourable legal and regulatory frameworks; (iv) competitive installation and/or production costs; (v) mechanisms for information and feedback; (vi) access to financing; (vii) prolific community and/or individual ownership and use; (viii) participatory project siting; and (ix) recognition of externalities or positive public image.
Conceptualizing the social acceptance of new technologies
While the literature explaining or describing the market penetration of renewable resources is vast and growing, most of it has not been synthetic. Instead, some studies have investigated national styles of regulation [14, 15] , others have analysed the barriers to specific types of renewable energy [8] , and still others have analysed what engenders social opposition to renewable energy, often through surveys of public attitudes and beliefs [16] . Taking a step back from this literature, and attempting to determine overall theories of acceptance, two recent studies have suggested that the acceptance of renewable energy has at least three dimensions: socio-political, community and market [17, 18] . Socio-political acceptance is the broadest and the most general, and it concerns the ability for regulators, policymakers and other key stakeholders to craft effective policies or frameworks that create and foster community and market acceptance below. This involves creating strong institutional capacity where countries exhibit institutional support at the national level through ministries or departments of energy with specific programmes or subsectors dedicated to solar energy and fuels, or have government sponsored institutes doing research. Political commitment is needed where political leaders make promoting renewable energy a highly visible topic. Favourable legal and regulatory frameworks must exist as well, so that laws and regulations facilitate ease of entry into solar market, independent renewable energy producers (even homeowners) are granted access to the electricity grid, national interconnection standards exist and regulatory changes occur in a predictable and transparent manner.
Community acceptance is the most specific, and it involves the extent that projects are undertaken or invested in by local stakeholders, how costs and benefits are shared, and how policymaking is conducted. One key attribute is prolific community/individual ownership and use, where solar energy systems tend to be installed, owned and/or used locally. One is participatory project siting, where people and communities are involved in the decision to site or permit renewable energy facilities near them. One is recognition of externalities or positive public image. To meet this criterion, community members must be generally aware of the environmental impact of conventional energy and the benefits of renewables, cultivating a strong public image. This is not to say that renewable energy must be perceived as having no negative externalities, only that it offers more net benefits than its alternatives. For solar PV systems in particular as well as some AP technologies down the road, this factor could encompass social and environmental issues, including changes to land use [19] , life cycle emissions of carbon dioxide [20] and toxic pollution as systems are decommissioned [21] .
Market acceptance operates at a meso level between national politics and local communities, involving consumers (that must adopt a technology) and investors (that want to support its manufacturing and use). This compasses market competitive installation/production costs where solar systems produce electricity at a competitive rate compared with other sources of supply, driven by government incentives, a large resource endowment and/or a strong local manufacturing base. It depends on mechanisms for information and feedback, granting investors and users/producers access to reliable information about solar energy policies, prices and opportunities. It envelops access to financing, where producers, manufacturers and users have access to domestic sources of low-cost financing and/or can benefit from specific government financing schemes. Figure 1 shows how these three dimensions operate as a sort of nexus or triangle, implying that each form of acceptance is insufficient on its own to promote renewable energy; only environments where national social and political frameworks align with community interests and market drivers will see renewable energy rapidly adopted. It also implies that the broadest base of support must come from community members and end-users; that a smaller but still meaningful collection of investors and business leaders must lend their support; and that, at the top of the pyramid, a small but important group of policymakers and planners must give their endorsement.
Drawing from these attributes, we propose a conceptual framework consisting of nine factors to explain the acceptance of new electricity resources such as AP, depicted in figure 2. Table 1 , drawing from an earlier study published by one of the authors, indicates how these nine factors were correlated with 'successful' environments for other types of renewable energy-wind turbines and conventional solar PV panels-in Denmark, Germany, India and the USA; the inverse was correlated with 'failed' environments and low rates of adoption.
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Conclusion and implications for global artificial photosynthesis
What does all of this mean for any project related to global artificial photosynthesis (GAP)? readers may rightly ask at this point. At least six things. First, we subscribe to the notion that all energy technology (and indeed, all technology) is social and technical, or socio-technical [23, 24] . For any technology to be embraced, a 'seamless web' of technical, political, economic and social conditions must simultaneously and synergistically exist [25] . This means that AP researchers need to recognize that reliable technology is a precondition for all nine criteria, and is thus not placed in any of our three dimensions (although it is partially subsumed by competitive costs, because a poorly designed or unreliable technology would ostensibly cost more). It also means that all or most of our nine criteria are needed for acceptance to occur, in order for the 'seamless web' to engender technology use.
Second, AP researchers need to remain cognizant that many of our criteria are interrelated, or at least have strong interactive effects between them. This is because we tried to be both mutually exclusive (each criterion is distinct from the others) with being collectively exhaustive (including a comprehensive list of metrics). In doing so, we have in essence blended together 'producing' and 'installing', because 'use' requires both to have happened. We have also blended together 'individual' and 'community' use together, because these occur at a scale below the country or state/province.
Third, we treat acceptance as relative and different from diffusion. Our criteria and conditions are not believed to facilitate absolute acceptance, which would imply total market saturation, but an accelerated level of diffusion compared with other countries and places. Diffusion is a neutral term, in this case having large numbers of renewable energy systems installed (and high installed capacity or production per capita). Acceptance is social, and refers to the diverse technical, social, political and economic factors driving (or even constraining) diffusion. Acceptance of solar energy need not imply that such technologies are favoured among producers and users; it could be that other energy options such as fossil fuels and nuclear power are disliked, whereas stakeholders are apathetic towards renewable energy (i.e. it is not that John Q. Public likes or even accepts solar energy, he just hates the thought of another coal plant, meaning solar 'wins' by default). So, it is important to remember that acceptance for us is always situational and comparative.
Fourth, for the sake of simplicity, we have treated each of our criteria as equal. It may be that some criteria are truly more meaningful and influential than others. Strong institutional socio-political acceptance market acceptance community acceptance socio-political acceptance is the broadest and the most general, and it concerns the ability for regulators, policymakers, and other key stakeholders to craft effective policies or frameworks that create and foster community and market acceptance below market acceptance operates at a meso level between national politics and local communities, involving consumers (that must adopt a technology) and investors (that want to support its manufacturing and use) community acceptance is the most specific, and it involves the extent that projects are undertaken or invested in by local stakeholders, how costs and benefits are shared, and how policymaking is conducted Figure 1 . Three dimensions of social acceptance.
-strong institutional capacity -political commitment -favourable legal and regulatory frameworks -competitive installation/production costs -mechanisms for information and feedback -access to financing frameworks and access to financing may be true 'knockout' criteria that are always needed for acceptance, whereas countries without consistent political commitment and participatory project siting may still create frameworks generally conducive to acceptance. Further research ought to perhaps 'weigh' our criteria through conjoint choice analysis, clustering or other techniques to create a hierarchy of importance. Fifth, our framework points the way towards promising avenues of future AP work. If our nine factors undergirding social acceptance are accurate, then a logical next step for research is to determine more precisely how AP can attain and achieve (i) strong institutional capacity; (ii) political commitment; (iii) favourable legal and regulatory frameworks; (iv) competitive installation and/or production costs; (v) mechanisms for information and feedback; (vi) access to financing; (vii) prolific community and/or individual ownership and use; (viii) participatory project siting; and (ix) recognition of externalities or positive public image. The particular occurrence of our nine factors may also play out differently across cultures and energy markets-it may be that in industrialized economies such as Europe and North America, focusing on issues of cost and the environment hold greater weight with the public, whereas in emerging markets in Asia and Africa, issues of ethics, access and justice play a prominent role. Researchers in the field of marketing, psychology and communication could use our nine factors as a template to determine which terms describing AP have the most appeal-is AP the way to go, or GAP or 'synthetic photosynthesis' or even 'synthetic nanotechnological artificial photosynthesis' (which could play on the acronym SNAP)? Furthermore, once AP systems are ready to be piloted, qualitative case studies could be done to determine market segments and social barriers unique to AP.
Sixth, and lastly, our inductive framework about acceptance is generalizable beyond AP-and it seems to affect all new energy systems as they enter society, even fossil fuels. Lund, for instance, found that market penetration of new grid independent of its cost changes to the German feed-in tariff scheme occur transparently every four to five years with input from a broad spectrum of stakeholders competitive installation/production costs Germany rewards renewable energy producers with a premium tariff above the retail market price for electricity local production and manufacturing of wind turbines in Denmark lowers installation costs, enhances learning, and reduces risk mechanisms for information and feedback net metering in most states in the USA allows solar and small-scale wind producers to sell electricity back to the grid at real-time prices, making peak production more valuable energy systems or technologies can take as long 70 years [26] . Short 'take-over times' of less than 25 years have been limited to a few end-use technologies such as water heaters or refrigerators. Analogously, Fouquet studied various transitions involving both energy fuels and energy services from 1500 to 1920. He found that, on average, each single transition was characterized by an innovation phase which exceeded 100 years, followed by a diffusion phase which approached 50 years [27] . The history of energy systems-renewable or non-renewable, large or small, clean or dirty-suggests that the pesky problem of acceptance has been stymying the adoption of newer, better technologies for centuries. We should fully expect the presence of similar barriers when we look not only backwards, but forward.
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